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Abstract 

We demonstrate high-quality epitaxial germanium (Ge) films on a metallic silicide, Fe^Si, 
grown directly on a Ge(ll 1) substrate. Using molecular beam epitaxy techniques, we can ob- 
tain an artificially controlled arrangement of silicon (Si) or iron (Fe) atoms at the surface on 
Fe3Si(lll). The Si-terminated Fe3Si(lll) surface enables us to grow two-dimensional epitax- 
ial Ge films whereas the Fe-terminated one causes the three-dimensional epitaxial growth of 
Ge films. The high-quality Ge grown on the Si-terminated surface has almost no strain, mean- 
ing that the Ge films are not grown on the low-temperature-grown Si buffer layer but on the 
lattice matched metallic Fe3Si. This study will open a new way for vertical-type Ge-channel 
transistors with metallic source/drain contacts. 
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Since germanium (Ge) has relatively high electron and hole mobility compared with sili- 
con (Si),- 1 ^ significant progresses with gate-stacking,- - - source-drain,-^ - — and thin-film chan- 
nel-2J2-— technologies have so far been reported for Ge-based metal-oxide-semiconductor filed- 
effect transistors (MOSFETs). Whereas the use of the Ge channel can be good solution in or- 
der to keep the development of complementary metal-oxide-semiconductor (CMOS) technologies, 
critical limitations still remain from the viewpoint of scalability because of their lateral device 
structures fabricated by the lithography processes. 

On the other hand, vertical-type device structures have also been proposed. To achieve ultrahigh- 
density nanoscale devices for three-dimensional integrated circuits, oriented epitaxial Ge nanowires 
were explored.— - — In particular, growth and impurity doping technologies compatible with Si- 
based CMOS technologies have been well investigated. 16-18 However, there are still many tech- 
nological issues such as precise controls of crystal orientation and of the doping profile for the 
Ge nanowires. That is, it is difficult for vertical-type Ge nanodevice structures to achieve low- 
resistance contacts by using an impurity doping technique. Consequently, the artificially fabricated 
metal/Ge/metal structures without impurity doping will be desirable for next-generation devices. 

In general, there is a large difference in crystallization energy between element semiconduc- 
tors such as Si or Ge and metals because of the difference in bonding energy between covalent and 
metallic bonds. Also, Si or Ge essentially requires relatively high thermal energy to crystallize, 
whereas metals can crystallize with a relatively low one. As a result, if one tries to form high- 
quality Si or Ge on a metal in conventional growth conditions, the formation of other compounds 
such as silicide or germanide cannot be prevented. Up to now, to realize Si-based three-dimensional 
integrated devices, the crystal growth of Si/metal/Si vertical double heterostructures has already 
been studied.— - — To overcome the above issues in the crystallization of Si, complicated meth- 
ods including the combination of molecular beam epitaxy (MBE), solid phase epitaxy (SPE), and 
several annealing techniques were explored intensively.— - — 

Considering an achievement of metal/Ge/metal structures, we should first form high-quality 
single-crystalline Ge films on a metal. In this paper, we demonstrate a high-quality Ge film on a 
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metallic silicide grown on Ge(lll). Actually, this structure is Ge/metal/Ge as well as Si/metal/Si 
reported so far. However, this structure can be achieved only by using an MBE technique with an 
artificially controlled arrangement of the surface atoms on the metallic silicide. This study will 
open a new way for vertical-type Ge-channel transistors with metallic source/drain contacts. 

To realize epitaxial growth of Ge films on a metal, we focus on one of the silicide compounds, 
Fe3Si,— - — as a metallic material in this study. The positive reasons are as follows. First, we 
have so far developed single-crystalline Fe3Si on Si or Ge, 26 ' 27 indicating the low electrical re- 
sistivity and good compatibility for the SiGe technologies. Second, we have well understood the 
mechanism of the crystal growth of high-quality Fe3Si films on Ge. 27 Since the formed Fe3Si/Ge 
heterointerface is atomically flat, the surface of the grown Fe3Si is also atomically smooth, leading 
to a good condition for the growth of Ge films. Finally, the atomically flat Fe3Si/Ge junctions have 
positive possibilities to solve the Fermi-level pinning problems at metal/Ge interfaces.— 1 ^- These 
are based on the controlled molecular beam epitaxy (MBE) techniques for a metal/Ge interface. 

The above features arise from a special condition between Fe3Si and Ge. Figure la illustrates 
crystal structures of the ideal (DO3 -ordered) Fe3Si 23 and Ge, which are bcc and diamond structures, 
respectively, where the lattice mismatch between Fe3Si (0.565 nm) and Ge (0.565 nm) is almost 
zero. When we look at the atomic arrangement at the (111) plane, the ideal Fe3Si has a periodical 
stacking structure consisting of three Fe layers and one Si layer as shown in Figure lb. Fortunately, 
the atomic arrangements between Fe3Si(lll) and Ge(lll) are well matched. By utilizing the 
special conditions, we have demonstrated the two-dimensional epitaxial growth of Fe3Si films on 
Ge(l 1 1) with extremely high-quality heterointerfaces.— > 2 - 7 - 

Using the surface of the Fe3Si/Ge(l 11) structure, we explore epitaxial growth of Ge films. The 
following is the detailed procedure for the fabrication of the Ge(~100 nm)/Fe3Si(~25 nm)/Ge(l 1 1) 
heterostructures by using MBE techniques. Prior to the growth, we chemically cleaned nondoped 
Ge(lll) substrates (p ~ 40 Qcm, sample size: 2x2 cm 2 ) using 1 % HF solution to remove 
contamination and native oxide from the surface. The cleaned substrates were loaded immediately 
into an ultra high vacuum chamber with a base pressure of ~ 10 7 Pa. After the heat treatment at 
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Figure 1: (a) The crystal structures of DO3 -ordered Fe3Si and Ge. (b) Schematic diagrams of the 
atomic arrangements of our as-grown Fe3Si films on Ge(lll) (lower) and the concept with an 
artificially controlled arrangement of the surface atoms on Fe3Si (upper). 
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Figure 2: RHEED patterns for the grown Ge films (upper) and the various surfaces of the Fe3Si 
films (lower), observed along [211] azimuth. 
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550 °C for 20 min, the substrate temperature was reduced down to 130 °C— ^- After a reflection 
high energy electron diffraction (RHEED) pattern of the surface of the Ge(lll) substrate showed 
it to be atomically smooth, we grew Fe3Si films directly on the Ge(l 1 1) substrate by coevaporating 
Fe and Si using Knudsen cells. 26 The deposition rate of Fe and Si is 2.1 nm/min and 1.2 nm/min, 
respectively. In-situ RHEED patterns of the Fe3Si layers clearly exhibited symmetrical streaks, 
indicating good two-dimensional epitaxial growth (see the lower left RHEED pattern in Figure 2). 
Although the D03-ordered structure should have an Fe or a Si atomic layer on the top of Fe3Si, the 
actual top layer of the grown Fe3Si consists of the mixed layer with Fe and Si atoms because of 
some structural disorder (see upper left in Figure lb). 27 However, an atomically smooth surface 
is guaranteed even for the mixed layer as shown in the lower left in Figure 2 (disordered surface). 
As a preliminary experiment, we try to grow Ge films (deposition rate: 0.3 nm/min) on the top of 
the disordered Fe3Si with increasing the growth temperature from 200 to 400 °C. 28 The RHEED 
pattern during the growth is weekly spotty [see arrows in Figure 2 (upper left)], indicating that the 
actual top layer of the grown Fe3Si, consisting of the mixed layer with Fe and Si, cannot defend 
the three-dimensional epitaxial growth of Ge films. 

Considering the above preliminary data, for the growth of high-quality Ge films on a metal, 
we suggest a new concept with an artificially controlled arrangement of the surface atoms on 
Fe3Si. Since there is a Si atomic layer in the ideal (DO3 -ordered) Fe3Si at the (111) plane, we 
can artificially form a Si(l 1 1) atomic layer on the disordered surface of the grown Fe3Si(l 1 1) by 
precisely controlling the evaporation of Si atoms. Fortunately, even if the surface of the Fe3Si 
layers is terminated with a few Si atomic layers, the RHEED pattern can still show streaks as 
displayed in the lower center of Figure 2. We note that there is almost no difference in the RHEED 
patterns between disordered and Si-terminated surfaces. We hereafter define the atomically smooth 
surface shown as the Si-terminated surface. When we formed a 2-nm-thick Si layer (six Si atomic 
layers) on Fe3Si(lll) at several temperatures from 130 to 350 °C, the RHEED pattern darkened 
and disappeared, indicating that we could not crystallize the Si layers on Fe3Si(l 11). Thus, we have 
already confirmed that there is a large difference in the surface quality between the Si-terminated 
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surface and 2-nm-thick Si layer on Fe3Si(l 1 1). Using the Si-terminated surface, we grow Ge layers 
on Fe3Si. Interestingly, we can demonstrate two-dimensional epitaxial growth of the Ge layer 
(see the upper center in Figure 2) even with the same conditions shown in the above experiment. 
During the growth, we hardly observed the change in the RHEED pattern. As a result, a 100- 
nm-thick Ge epilayer can be grown even on a metallic silicide. In order to confirm the effect of 
the Si termination, we also investigate the growth for the Fe-terminated surface, where the surface 
of the Fe3Si layers is terminated with a few Fe atomic layers as shown in the upper right panel 
in Figure lb. Although the Fe-terminated surface is also atomically flat, we cannot demonstrate 
two-dimensional epitaxially grown Ge layer (see the right RHEED patterns in Figure 2). Note 
that these features were well reproduced. Therefore, we conclude that the Si termination of the 
disordered Fe3Si layers is very important to obtain the high-quality Ge films on Fe3Si(l 11). 

To examine the structural characteristics of the grown Ge films on Fe3Si, we observed cross- 
sectional transmission electron micrographs (TEM) and nanobeam electron diffraction (NED) pat- 
terns. In Figure 3b, we can see a high-quality Ge layer grown uniformly on Fe3Si. The lattice 
images of the grown Ge layer are very clear. Although the Ge layer was grown directly on Fe3Si, 
Fe was not detected surprisingly in the Ge layer from the energy dispersive X-ray spectroscopy 
(EDX) measurement, indicating no atomic interdiffusion between Ge and Fe3Si. Also, the NED 
pattern of the grown Ge layer (point #1 in Figure 3a) is almost equivalent to that of the Ge substrate 
(point #2 in Figure 3a). From these results, we can conclude that a high-quality single-crystalline 
Ge film was obtained even on a metal. Moreover, a high-resolution image of the Ge/Fe3Si junc- 
tion clearly shows an atomically smooth heterointerface (Figure 3c). It is just as the artificially 
controlled heteroepitaxy of the next-generation semiconductor, Ge. We also show the surface mor- 
phology of the grown Ge layer by dynamic force mode atomic force microscopy (AFM) in Figure 
3d. Since a very smooth surface with rms roughness of ~ 0.41 nm can be obtained, the surface 
of the grown Ge layer is also a good condition for the growth of the metals such as Fe3Si, easily 
enabling us to achieve metallic silicide/Ge/metallic silicide vertical structures. 

On the other hand, there are lots of stacking faults in the Ge layer on the Fe-terminated surface 
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Figure 3: Cross-sectional TEM images of the epitaxial Ge/metallic Fe3Si/Ge(l 1 1) heterostructure 
for the growth on the Si-terminated Fe3Si (b,c) and those on the Fe-terminated Fe3Si (f-h). NED 
patterns of the epitaxial Ge film and the Ge substrate for (a) Si- and (e) Fe-terminated samples. 
The zone axis of the incident electron beam is parallel to [110] direction, (d) AFM image of the 
surface of the Ge film grown on the Si-terminated Fe3Si. 
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(Figure 3f). NED pattern measured at point #3 also indicates the existence of stacking faults in 
the Ge layer. Observing the interface structures, we can clearly see amorphous phases near the 
interface between Ge and Fe3Si(lll), as shown in Figure 3g (also see the areas marked by red 
dashed lines in Figure 3f). An enlarged TEM image of the stacking faults in the Ge layer is shown 
in Figure 3h. We can confirm that the stacking faults in the Ge layer occur at the position near 
the amorphous phases. Interestingly, Fe was also not detected in the Ge layer from the EDX 
measurement, indicating no interdiffusion between Ge and Fe3Si even on the Fe-terminated Fe3Si. 
From the results obtained, we found that a formation of some germanide compounds (Fe-Ge) 
was not induced when we grew Ge films on the Fe3Si(lll) surface at a low growth temperature 
(~200 °C). On the contrary, compared to the Si-terminated surface, some parts of Ge films were 
not sufficiently crystallized on the Fe-terminated surface. We can speculate that, compared to the 
Fe-terminated surface, the Si-terminated one reduces the crystallization temperature of Ge and/or 
enhances the surface migration of Ge on the Fe3Si(lll), which is caused by the difference in the 
bonding energy between Ge-Si bond and Ge-Fe bond. Although further study is required to clearly 
understand the growth mechanism of Ge on Fe3Si, we find that the Si-terminated surface on the 
Fe3Si(l 1 1) is quite effective to realize the low-temperature crystallization of Ge. 

A wide-area crystal orientation of the grown Ge layer was evaluated by electron backscattering 
diffraction (EBSD). Figure 4a,b shows a scanning electron micrograph (SEM) (sample area: 250 
x 250 jUm 2 ) and an EBSD (sample area: 50 x 50 /im 2 ) image, respectively, of the Ge layer grown 
on the Si-terminated Fe3Si. The surface structure of the grown Ge layer is almost uniform and the 
crystal orientation parallel to the growth direction is kept in the <111> direction over the entire 
measured area, indicating that a wide-area single-crystalline Ge(l 11) film was achieved even on a 
metal. 

To further evaluate the lattice strain in the Ge layer grown at the (111) plane, we measured 
microprobe Raman spectra (spot size: ~1 /im0, excitation laser wavelength: 532 nm, effective 
resolution: ~0.1 cm" 1 ) of the 100-nm-thick Ge layer grown on Fe3Si. Figure 5 displays a room- 
temperature Raman spectrum of the Ge layer grown on the Si-terminated FesSi, together with 
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Figure 4: (a) SEM and (b) EBSD images of the Ge film grown on the Si-terminated Fe3Si. 

that of the homoepitaxial Ge layer grown on Ge(lll) at 400 °C. For the Ge layer grown on the 
Si-terminated surface, a sharp peak originating from Ge-Ge bonding is clearly observed at ~302 
cm -1 . The peak position of the homoepitaxial Ge layer is also ~302 cm -1 . Comparing these two 
data, we can recognize that there is almost no lattice strain even for the Ge layer grown on Fe3Si. 
By estimating the lattice spacing from the NED patterns in Figure 3a, we also confirmed that the 
lattice constant of the Ge layer grown on the Si-terminated Fe3Si is almost equal to that of bulk 
Ge. These features exactly support that there is no lattice mismatch between Fe3Si and Ge, and the 
Si-terminated surface on Fe3Si is not a low-temperature-grown Si buffer layer on Fe3Si(l 11) but a 
part of a Si atomic layer in Fe3Si(l 11). Hence, the well-matched atomic arrangement between the 
Si atomic layer in Fe3Si and Ge contributes largely to the quality of the grown Ge layer. 

We finally comment on the full-width at half maximum (FWHM) value of the Raman spectra. 
For the Ge layer grown on Si-terminated Fe3Si, the FWHM value was ~5.1 cm -1 . We plot the 
FWHM values for the Ge layer grown on the Si- or Fe-terminated Fe3Si and those of various Ge 
crystallines grown by the different methods— - — in the inset of Figure 5. Although the FWHM 
value for the Ge layer grown on the Si-terminated Fe3Si is larger than those for the Ge films grown 
on an insulator by a liquid-phase epitaxy (< 4.0 cm -1 ),— it is at least smaller than that for the Ge 
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Figure 5: Raman spectra of the 100-nm-thick Ge film grown on the Si-terminated Fe3Si and the 
homoepitaxial Ge film grown on Ge(lll) at 400 °C, measured at room temperature. The inset 
shows the FWHM values of various Ge crystallines grown by the different methods^ - — as a 
function of growth temperature. 

layer grown on the Fe-terminated Fe3Si (~5.9 cm -1 ) and those for the crystalline Ge fabricated by 
other low-temperature growth techniques such as metal-induced lateral crystallization (MILC) 29 
and solid-phase crystallization.— Considering these facts, we can also say that high-quality Ge 
layers were obtained even on a metallic silicide. Since we can easily fabricate Fe3Si layers on 
the grown Ge layer,— £L metallic silicide/Ge/metallic silicide vertical structures can also be eas- 
ily achieved. From these results, this study will open a new way for vertical-type Ge-channel 
transistors with metallic source/drain contacts. 

In summary, we demonstrated high-quality single-crystalline Ge films on a metallic silicide, 
Fe3Si, by individually developing a novel growth technique. Using molecular beam epitaxy tech- 
niques, we obtained an artificially controlled surface structure terminated with a few Si or Fe 
atomic layers at the Fe3Si(lll) plane. Only the Si-terminated Fe3Si surface enabled us to grow 
two-dimensional epitaxial Ge films. The high-quality Ge films grown have almost no strain, mean- 
ing that the Ge films are not grown on the low-temperature-grown Si buffer layer but on the well 
matched Fe3Si. This technique can be applied for vertical-type Ge-channel transistors with metal- 
lic source/drain contacts. 
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